Aims: Globally, sepsis is a major cause of mortality through the combination of cardiovascular collapse and multiorgan dysfunction. Pregnancy appears to increase the risk of death in sepsis, but the exact reason for the greater severity is unclear. In this study, we used polymicrobial sepsis induced by cecal ligation and puncture (CLP) and high-dose intraperitoneal lipopolysaccharide (LPS; 10 or 40 mg, serotype 0111: B4) to test the hypotheses that pregnant mice are more susceptible to sepsis and that this susceptibility was mediated through an excessive innate response causing a more severe cardiovascular collapse rather than a reduction in microbe killing. Methods and Results: Initial studies found that mortality rates were greater, and that death occurred sooner in pregnant mice exposed to CLP and LPS. In pregnant and nonpregnant CD1 mice monitored with radiotelemetry probes, cardiovascular collapse occurred sooner in pregnant mice, but once initiated, occurred over a similar timescale. In a separate study, tissue, serum, and peritoneal fluid (for protein, flow cytometry, nitric oxide, and bacterial load studies) were collected. At baseline, there was no apparent Th1/Th2 bias in pregnant mice. Post CLP, the circulating cytokine response was the same, but leukocyte infiltration in the lung was greater in pregnant mice, but only TNFα levels were greater in lung tissue. The bacterial load in blood and peritoneal fluid was similar in both groups. Conclusion: Sepsis-related mortality was markedly greater in pregnant mice. Cardiovascular collapse and organ dysfunction occurred sooner in pregnancy, but bacterial killing was similar. Circulating and tissue cytokine levels were similar, but immune cell extravasation into other organs was greater in pregnant mice. These data suggest that an excessive innate immune system response as shown by the exaggerated lung infiltration of leukocytes may be responsible for the greater mortality. Approaches that reduce off-site trafficking may improve the prognosis of sepsis in pregnancy.
Introduction
Sepsis in pregnancy is the leading direct cause of maternal mortality in the UK and, together with hemorrhage and pre-eclampsia, it is a major cause of maternal mortality worldwide [1] . However, the underlying mechanisms that result in the increased maternal mortality are not well understood. Despite improvements in the overall management of sepsis, the rate of sepsis has increased over the last few decades [2] . In the United States, between 1991 and 2003, the rates of maternal sepsis and of sepsis-related death doubled [3] [4] [5] . Furthermore, with the emergence of increasingly virulent strains and greater anti-microbial resistance, coupled with the trend for women to delay pregnancy until later life, when obesity and type 2 diabetes are more common, it seems likely that maternal deaths from sepsis will increase [6] .
The immune system during pregnancy is uniquely modified to allow the development and growth of a healthy pregnancy, while retaining the ability to fight infection. Traditionally, pregnancy was seen as an immunosuppressed state [7] . However, the evidence indicates that the susceptibility to infection during pregnancy is not increased, but the ability to fight infection once it has been acquired is compromised. This suggests that we should actually consider pregnancy as a "modulated immunologic condition" [8, 9] . However, the exact mechanism(s) responsible for the increase in sepsis-related mortality during pregnancy are not understood. Indeed, little is known about the impact of pregnancy on the response to infection. For example, cardiovascular function changes dramatically during pregnancy with a marked decrease in peripheral resistance [10] , which may exacerbate any sepsis-induced hypotension. Cardiovascular dysfunction is a major driver of mortality in sepsis and overproduction of nitric oxide (NO) is a mechanism for this [11] . Normally, a septic insult triggers an inflammatory response involving the activation of inflammatory cells, predominantly macrophages, and neutrophils, which release cytokines and activate complement and other mediators that include reactive oxygen species [12] . In tandem with the inflammatory response, a reciprocal anti-inflammatory response occurs, which limits the extent of the pro-inflammatory response. Dysregulation in this process leads to adverse outcomes in patients with sepsis [13] . One previous study suggested that the innate response to LPS was enhanced during pregnancy, with a greater proinflammatory TNFα and anti-inflammatory IL-10 response [14] . However, we recently studied the response in greater detail and found that the increase in circulating cytokines after LPS treatment was similar in both pregnant and nonpregnant (NP) mice, but that inflammatory cell tissue infiltration was more marked and that this was associated with a greater hypotensive response [15] .
There are no published basic science studies that have investigated the cardiovascular and immune response in sepsis during pregnancy. In the current study, we have established for the first time a reproducible rodent model of polymicrobial sepsis during pregnancy using cecal ligation and puncture (CLP) in conjunction with radio telemetry to investigate the hemodynamic and innate immune response to sepsis. In this study, we explored the hypothesis that pregnancy is associated with altered immune and cardiovascular responses to life-threatening infection.
Methods

Animals
All experiments were performed under UK Home Office License 70/7372 or 70/8237, and in accordance with the regulations of the UK Animals (Scientific Procedures) Act of 1986. NP female and male (for breeding purposes only) CD1 outbred mice were obtained from Charles River (Margate, UK) at 6-8 weeks of age and acclimatized for at least 48 h before mating and 7 days prior to operating. All mice were maintained in open cages at 21 ± 1
• C, with ad libitum access to food and water, and a 12:12 light/dark cycle regimen.
Time mating
Female mice were placed overnight into cages with male studs. The following morning the female mice were inspected for a copulatory plug. The day of the plug would indicate the gestational day 0 (E0). From previous work in our group E16 compares to about 34 weeks of gestation in human pregnancy.
Cardiovascular telemetry
NP CD1 female mice had a Pa-C10 implantable murine radiotelemetry pressure catheter (Data Science International) implanted in the left carotid artery. The operation was conducted under isoflurane anesthetic (5% for induction and 2% maintenance of isoflurane, 400 mL/min). Preoperative medication was given prior to induction (buprenorphine 0.02 mg/kg s.c.; enrofloxacin 150 μL of 5% m/v). The left common carotid artery was isolated, a small incision made, and the catheter tip inserted and advanced distally towards the aortic arch. Postoperatively the mice were monitored very closely, and 7 days recovery was allowed. Following this, a continuous 24-hour recording was commenced to collect baseline data (mean arterial pressure, heart rate, and body temperature). This allowed the animal to be their own control. Subsequently (about 12 days postoperatively), female mice were time-mated if appropriate. Data was recorded at pre-determined time points in each experiment. Implantable temperature transponders IPTT-300 (BMDS) were placed subcutaneously (s.c) to allow noninvasive temperature measurements.
Cecal ligation and puncture
Mice were subjected to the CLP or sham operation in both pregnant and NP groups. Animals were prepared and induced as above (see the section cardiovascular telemetry). A longitudinal midline incision was made to expose the cecum carefully and 70% ligated. Double cecal puncture was performed using an 18G needle midway between the ligation and the tip of the cecum. The cecum was then replaced into the abdominal cavity and the muscle layers and skin closed. In the sham operation, the cecum is identified, presented onto the abdomen, and replaced again without intervention. Following the operation, animals were monitored using telemetric measurements of blood pressure, heart rate, and temperature to determine the onset of sepsis and to enable euthanasia at a pre-defined and humane endpoint (see Supplementary 1) . Euthanasia was performed by cervical dislocation, and cease of circulation was used as confirmation method as per the Animals (Scientific Procedures) Act 1986 (ASPA) and the European Directive 2010/63/EU.
Tissue collection
Blood and tissue was collected in a separate experiment at 3 and 6 h following CLP or sham operation. Blood was obtained by cardiac puncture and spun at 13,000 rpm for 20 min for serum extraction. Tissue was collected, snap frozen, and stored at -80 • C until further use.
LPS dose response
Lipopolysaccharide (LPS, 0111: B4, Sigma-Aldrich, UK) endotoxin was injected i.p. to cohort of NP and pregnant animals. The doses used were 10 and 40 mg per kg.
Flow cytometry
Following tissue collection as described above, the lung tissue was homogenized in 1 mL of IC fixation buffer (eBioscience, UK) using gentleMACS M tubes (Miltenyi Biotex, UK) for 1 min. The cell suspension was filtered using a 40-μm nylon cell strainer (BD Falcon, UK). This filtered suspension was centrifuged twice at 2000 rpm for 5 min at 4
• C to extract leukocytes and resuspended in FACS wash buffer (FWB) before finally resuspended in 400 μL of perm wash buffer (PWB). The cell suspension was incubated with antibody mix for 30 min at 4
• C. Fluorophore-conjugated rat anti-mouse monoclonal antibodies were used (see supplemental Table S1 ). Cell counts were determined using AccuCheck counting beads (Invitrogen, UK), 20 μL were added per sample. The gating strategy used has been described previously [15, 16] . Samples were run using the BD LSR II flow cytometer (BD, UK). Data were analyzed using FlowJo dongle version V10.
Plasma and peritoneal bacterial load
All samples were collected 8 h following CLP in NP and pregnant animals. Peritoneal samples were obtained by filling the peritoneal cavity with 3 mL of sterile PBS. Aliquots of whole blood and peritoneal washouts were serially diluted with PBS and plated on tryptic soy agar plates (BD). All plates were incubated overnight at 37
The following day, all plates were inspected and counted for colony forming units (CFU)/mL.
Multiplex assay
To assess cytokine and chemokines levels during sepsis, a 23-plex cytokine and chemokine assay was performed (Bio-rad, UK) using serum samples. The manufacturer's protocol was strictly followed. Analytes were quantified using a Luminex MAGPIX instrument with xPonent 4.2 software (Luminex Corp.). The concentrations of analytes were calculated by comparison to standard curves.
Nitric oxide analyzer
To quantify nitric oxide production, a Sievers nitric oxide analyzer (NOA, GE Analytical Equipment, UK) was used. To define nitric oxide production, concentrations of both nitrite and nitrate (NOx) test was conducted to analyze survival data. * P < 0.05, * * P < 0.01, * * * P < 0.001
(sham nonpregnant n = 6, sham pregnant n = 9, CLP nonpregnant n = 10, CLP pregnant n = 12; NP 10 mg/kg n = 6, pregnant 10 mg/kg n = 6, NP 40 mg/kg n = 9, pregnant 40 mg/kg n = 6).
levels were determined. These results were used to measure total NOx concentration in mouse serum and tissue homogenates. In brief, samples were prepared by protein precipitation with four volumes of methanol and centrifugation at 16,000 rpm for 30 min. To obtain the total concentrations of NO, nitrites and nitrates in each sample is reduced back to NO. This occurred in a reaction with VCl2 (Sigma, UK) in 1M HCl (Sigma, UK) at 90
• C before passing into the NOA system to react with ozone (O 3 ). The production of a chemiluminescent signal was quantified by a photomultiplier system. The concentration of NOx was calculated by comparison to a calibration curve of known nitrate samples.
Statistical analysis
The Kolmogorov-Smirnov test was used to assess the distribution of the data. Unpaired t-test or Mann-Whitney test were used where appropriate to examine the differences between the groups. For repeated measures or >2 groups an analysis of variance (ANOVA) was used followed by Bonferroni correction. A P-value of <0.05 was considered to be statistically significant. Data were analyzed using GraphPad PRISM software (V.5).
Results
Mortality following CLP and high-dose LPS
All mice were randomly allocated to naïve, sham, or CLP groups. Postoperatively, all animals were monitored closely for a 5-day period or until a humane endpoint was reached. The humane endpoint was defined as a temperature below 25
• C or the animal demonstrating signs of severe sepsis in their coat/appearance, behavior, posture/mobility, breathing, and movements (Supplementary (sham NP n = 6, CLP NP survivor n = 6, CLP NP nonsurvivor n = 6, sham pregnant n = 6, CLP pregnant n = 5). Table) . The mortality rate, assessed over 5 days, following CLP during pregnancy was 92% (P < 0.0001) in comparison to 50% (P = 0.048) in NP mice, with a median survival of 23 h versus 100 h, respectively ( Figure 1A ). These findings establish that a polymicrobial septic insult in the form of CLP resulted in worse outcomes during pregnancy as compared to NP mice (P = 0.0042). Similarly, mortality rates were observed in pregnant and NP mice after 40 mg/kg of LPS (serotype 0111: B4; Figure 1B ).
Hemodynamic response to CLP
A comparison of all NP and pregnant mice following CLP regardless of outcome demonstrated that there was no statistical difference between mean MAP in NP CLP 99.56 ± 1.587 vs pregnant CLP 97.43 ± 1.988 (Supplementary Figure S1A) . However, over 24 h a significant difference in heart rate (HR; beats per minute, bpm) was noted in NP CLP 546 ± 14.11 vs pregnant CLP 421 ± 12.45, P < 0.0001 (Supplementary Figure S1B) . The CLP NP group was then divided into nonsurvivor and survivor groups, whereas the CLP pregnant group was not separated as there was only one survivor. In the group monitored by telemetry for 100 h, the median survival was 30 h during pregnancy vs 100 h in NP mice. A delta analysis of the mean arterial blood pressure ( Figure 2A ) and heart rate ( Figure 2B ) over the 24 h preceding the experimental endpoint was conducted. As compared to their sham groups, a statistically significant decrease was noted in MAP and HR over the 24 h in the NP nonsurvivor group and pregnant CLP, P < 0.0001 and P < 0.0001, respectively.
The maximum decrease in MAP was -34.84 ± 8.97 mmHg in NP nonsurvivor mice and -25.50 ± 5.16 mmHg in pregnant mice (NP nonsurvivor P < 0.01, pregnant CLP P < 0.05; Figure 2D ). Comparing the CLP NP nonsurvivor and CLP pregnant group, there was no statistical difference over 24 h or at the experimental endpoint in either MAP or HR.
Organ function
The base excess deficit was greater in pregnant mice post CLP (-7.4 ± 1.5) at 6 h as compared to NP mice (-2.3 ± 0.3, P = 0.049; Figure 2F ). The bicarbonate levels tended to be lower in the CLP pregnant group (pregnant CLP 21.7 ± 1.7 vs NP CLP 25.7 ± 0.6; Figure 2E ).
Inflammatory cell trafficking
In separate groups of mice treated in an identical manner, flow cytometry was performed as previously described [15] . Comparisons were made between pregnant and NP mice in each group (naïve, sham, and CLP). Measurements were made at 3 and 6 h after surgery.
Circulating At 3 and 6 h after CLP, circulating Ly6C High monocytes tended to decline, while neutrophils remained unchanged in both NP and pregnant mice ( Figure 3A Two group analysis using an unpaired Student t-test or Mann-Whitney U tests depending on the data distribution. * P < 0.05 (NP naïve n = 6, Preg naïve n = 7, NP sham n = 7, Preg sham n = 7, NP CLP n = 13, Preg CLP n = 8).
Lung
Lung leukocyte numbers increased to a greater extent in pregnant CLP mice at both time points (Ly6C High monocytes: pregnant CLP vs NP CLP, P = 0.004 and P = 0.028; neutrophils: pregnant CLP vs NP CLP, P = 0.017 and P = 0.025; Figure 3E 
-H). For Ly6c
Low monocytes and natural killer cells, there were no significant differences at 3 h (Supplementary Figure S3A-D ), but at 6 h, lung Ly6c
Low monocytes were increased in the pregnant CLP group (P = 0.028; Supplementary Figure S3C ).
Peritoneum
Neutrophil numbers in the peritoneal fluid were higher at 6 h in pregnant mice following CLP (P = 0.033; Figure 3J ).
Circulating and lung cytokine levels
At baseline in the circulation, TNFα and CCL-2 levels were significantly higher in the naïve pregnant mice (P = 0.0004 and 0.045, respectively, Figure 4C and F). At 6 h post sham surgery, IL-6 levels were marginally higher in the NP mice (P = 0.0337, Figure 4B ). At 6 h following CLP, NP mice had higher levels of TNFα, IL-12 p40, and VEGF (P = 0.002, P = 0.037, and P = 0.025, respectively; Figure 5C and Supplementary Figure S4A and B).
In the lung at 6 h, cytokine levels were very similar in all groups, with the exception of TNFα, where the levels were higher in pregnant mice, but this appeared to be due to a decline in levels in the NP group (P < 0.0005, Figure 5C ).
Bacterial numbers
The number of CFUs in whole blood and peritoneal fluid were similar 8 h after CLP. In peritoneal fluid, pregnant mice tended to have higher bacterial loads 
Total nitrates/nitrites
In a separate group of mice treated in an identical manner, no differences in total nitrates and nitrites (NOx) concentration were found in NP and pregnant mice following CLP as compared to Two group analysis using an unpaired Student t-test or Mann-Whitney U tests depending on the data distribution. * * P < 0.01 (naïve NP n = 6, naïve E16 n = 6, sham NP 3HR n = 6, sham E16 6HR n = 8, sham NP 6HR n = 7, sham E16 6HR n = 6, CLP NP 3HR n = 9, CLP E16 3HR n = 6, CLP NP 6HR n = 10, CLP E16 6HR n = 6).
their respective sham groups 3 or 6 h following CLP (Supplementary Figure S5) .
Discussion
To date, few studies have compared the response to sepsis in pregnant and NP rodents and those that have used LPS as a stimulus [14, 15] . Here, we have compared the response to polymicrobial sepsis induced by CLP in pregnant and NP mice, showing that the rate of onset of sepsis is quicker and the mortality greater in pregnant mice. We used both high-dose LPS and CLP to model sepsis in pregnancy. High-dose LPS resulted in the rapid onset of septic shock onset within 24 h and consequently maternal deaths. The CLP model demonstrated that mortality rates were comparable over 30 h. The increased maternal mortality in both models perhaps suggests that the maternal response rather than deficient bacterial killing may be responsible for the adverse outcome. Significantly, post CLP, although cardiovascular collapse occurred earlier in pregnant mice, we found that the degree of hypotension was similar in pregnant and NP nonsurviving mice, implying that although the blood pressure is lower during pregnancy, sepsis does not result in a greater hypotensive response. Neutrophil migration and bactericidal activity both appeared to be intact, with similar bacterial numbers in blood and peritoneal fluid, suggesting that the high rates of mortality with pregnancy were not related to overwhelming infection, in agreement with the LPS data. The key difference we found was that pregnant mice show greater inflammatory cell numbers in off-target (tissues unaffected by the initial insult) areas, including the lung, which has been implicated in adverse outcomes in other studies of sepsis [17] [18] [19] [20] .
In the current study, we observed a more rapid cardiovascular collapse in pregnant mice, but that in the period prior to reaching the humane endpoint, the decline in blood pressure was comparable in nonsurviving pregnant and NP mice, meaning that once septic shock had set in, the rate of deterioration was similar in pregnant and NP mice. There are 2 key differences: the proportion of survivors, pregnant 8% vs NP 50%, and the speed of deterioration after CLP, pregnant median survival time 24 h vs NP 100 h. These differences suggest that the response to the same septic insult is more rapid and severe in pregnancy. Consequently, we opted to focus on the acute response to sepsis, reasoning that we would distinguish differences in the first 6 h which would indicate why the onset of sepsis in pregnancy is more acute and ultimately more severe. The earliest deaths in the pregnancy cohort occurred at 6 h post CLP; consequently, we Lung tissue was collected 6 h after CLP or sham operation and in naïve mice. Data shown as means ± SEM. Two group analysis using an unpaired Student t-test or Mann-Whitney U tests depending on the data distribution.
* * * P < 0.001 (naïve NP n = 6, naïve E16 n = 6, sham NP 6HR n = 6, sham E16 6HR n = 6, CLP NP 6HR n = 6, CLP E16 6HR n = 6).
chose to study animals at 3 and 6 h post CLP rather than later time points, in order not to introduce bias into our data by the loss of some more severely affected mice.
Septic shock
Indeed, the hypotensive response in pregnant mice appears to occur earlier and result in worse outcomes. However, if only the nonsurvivors are considered, then the cardiovascular response is comparable. This suggests that the ability to maintain BP above a threshold level is the key determinant of survival. Consistent with this, circulating NO levels were comparable between NP and pregnant mice and VEGF levels were actually greater in NP mice, perhaps contributing to the lower blood pressure (in the nonsurvivors) at the humane endpoint. With regard to the similarity in NO levels, the relatively early time points may have missed any later increase in NO production or reflect the difficulty to detect changes in plasma nitrite/nitrates (NOx) associated with specific NOS isoforms [21] . The role of the innate immune response following CLP was investigated to evaluate potential mechanisms to explain the higher mortality noted in this study. Circulating changes in inflammatory cells were similar, with a decline in Ly6C
High monocytes being apparent in both pregnant and NP mice post CLP. The key differences were found in lung numbers of Ly6C High monocytes and neutrophils, which were greater in pregnant mice at 3 and 6 h post procedure. The literature describes how nonspecific excessive infiltration of leukocytes may be damaging [17] [18] [19] [20] . Other studies, using CLP in NP rodents, have shown changes in neutrophil function in severe sepsis, which are suggested to contribute to the adverse outcome. Neutrophils have been shown to migrate less well to infected areas and this dysfunction to be associated with increased numbers of bacteria in both blood and the peritoneal fluid [22] . This failure of neutrophil migration is suggested to be NO mediated [22, 23] and to be associated with greater numbers of neutrophils in lung and liver [24] . The greater inflammatory cell numbers may [24] or may not [25] cause direct damage to lung or liver, but exposure to a second insult, either LPS or IgG immune complexes, caused greater lung damage in the context of sepsis [25] . In terms of our work, we found that pregnancy was not associated with impaired peritoneal neutrophil migration, the numbers were in fact greater, or reduced bacterial killing, where the numbers of bacteria in the blood and peritoneal fluid were the same. The "off-target" migration of inflammatory cells has been shown to be CCR-2 mediated, to be prevented in CCR-2 knockout mice or mice treated with a CCR2 antagonist with an associated improvement in outcome [26] . We have seen a similar greater response in our comparison of the effects of low-dose LPS in pregnant and NP mice, which was associated with a marked hypotensive response [15] . Interestingly, when we studied the effects of RU486, the progesterone, and glucocorticoid antagonist, we found that CCR2 mediated both neutrophil and monocyte myometrial recruitment, suggesting that during pregnancy neutrophils are CCL2 responsive [16] . This may explain why we see an increase in both monocyte and neutrophil numbers in the lung. Recruiting neutrophils to the site of infection is important to improve survival outcomes and to initiate a bactericidal immune response [23] . Here we found that the peritoneal neutrophil infiltration was greater and of Ly6C
High monocytes similar in pregnant mice. It is theoretically possible that the capacity of monocytes to phagocytoze and neutrophil burst activity function in pregnant mice may be reduced, but the similarity in bacterial CFUs in the peritoneal fluid and blood suggests that this is not the case. Using LPS, we observed greater numbers of inflammatory cells in the lung (Edey, 2016 #393) . These cells were found to be marginalized, to remain in the circulation, but to be adherent to the lung vasculature prior to potentially transmigrating into the lung tissue (Edey, 2016 #393; Patel, 2015 #408) . It is possible that CLP induces a greater effect, such that the inflammatory cells migrate into the lung tissue, but this remains to be studied.
In terms of circulating cytokines, the response to CLP was similar in pregnant and NP mice apart from TNFα, which was higher in the NP mice (as mentioned above). Lung cytokine levels were broadly similar with the exception of TNFα levels, which were much greater in pregnant animals.
Bacterial killing
The similarity in the bacterial numbers suggests that the pressure exerted by the gravid uterus did not appear to increase or reduce the release of fecal material into the peritoneal cavity. Studies have shown that sex steroids may modulate the immune system [27, 28] . These data suggest that the higher sex steroid levels in pregnant mice may be responsible for the increased migration of neutrophils to the site of injury. The fall in base deficit was greater in pregnant mice post CLP, consistent with the clinical observation that increased lactate and a greater base deficit are associated with increased mortality and further septic complications [29] [30] [31] .
This study showed that sepsis is more aggressive in pregnant mice. The markedly greater inflammatory cell extravasation in the lungs suggests that this off-target effect may mediate the high rates of mortality and that treatments targeted at reducing off target inflammatory cell migration may be of benefit. Given the role played by NO in this process [22, 23] , and the importance of NO in blood pressure regulation, a correctly targeted NO antagonist in combination with the usual supportive therapy may be effective.
